M entropy MBPY

Article
Lifts of Symmetric Tensors: Fluids, Plasma,
and Grad Hierarchy

Ogul Esen *({), Miroslav Grmela 2, Hasan Giimral > and Michal Pavelka **

1 Department of Mathematics, Gebze Technical University, 41400 Gebze-Kocaeli, Turkey

2 Fcole Polytechnique de Montréal, C.P.6079 suc. Centre-ville, Montréal, QC H3C 3A7, Canada;
miroslav.grmela@polymtl.ca

Department of Mathematics, Yeditepe University Atasehir, 34755 Istanbul, Turkey; hasangumral@gmail.com
Mathematical Institute, Faculty of Mathematics and Physics, Charles University, Sokolovska 83,

186 75 Prague, Czech Republic

Correspondence: oesen@gtu.edu.tr (O.E.); pavelka@karlin.mff.cuni.cz (M.P.)

check for
Received: 5 August 2019; Accepted: 13 September 2019; Published: 17 September 2019 updates

Abstract: Geometrical and algebraic aspects of the Hamiltonian realizations of the Euler’s fluid and
the Vlasov’s plasma are investigated. A purely geometric pathway (involving complete lifts and
vertical representatives) is proposed, which establishes a link from particle motion to evolution
of the field variables. This pathway is free from Poisson brackets and Hamiltonian functionals.
Momentum realizations (sections on 7 *7*Q) of (both compressible and incompressible) Euler’s
fluid and Vlasov’s plasma are derived. Poisson mappings relating the momentum realizations
with the usual field equations are constructed as duals of injective Lie algebra homomorphisms.
The geometric pathway is then used to construct the evolution equations for 10-moments kinetic
theory. This way the entire Grad hierarchy (including entropic fields) can be constructed in a purely
geometric way. This geometric way is an alternative to the usual Hamiltonian approach to mechanics
based on Poisson brackets.
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At ubi materia, ibi Geometria.
(Johannes Kepler)

1. Introduction

A physical system with state variables x is said to be in the Hamiltonian form if there exists
a Poisson bracket {e, @} and a Hamiltonian function(al) $, such that the equation of motion governing
the dynamics can be written as

t={x,9} )

Mechanics can be typically cast into a Hamiltonian form; the state variables can be for instance
particle position and momentum, rigid body angular momentum [1], distribution functions in kinetic
theory [2,3], hydrodynamic fields [4,5], electromagnetic fields [6], etc. An advantage of the geometric
formulation is that it provides additional leads towards proper coupling of the particular theories,
e.g., MHD [7], as well as automatic consistency with mechanics. Such properties can be used also
in the numerical simulations [8-12]. As a manifestation of the skew symmetry of the Poisson bracket,
the Hamiltonian function $) is conserved throughout the motion. That means that Hamiltonian systems
are energy-preserving, which manifests the reversible character of the Hamiltonian dynamics, see
also [13] for discussion of time-reversal symmetry and Onsager—Casimir reciprocal relations. It is
possible to generalize the Hamiltonian framework in a way that is proper also for irreversible systems.
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This generalization is called GENERIC in the literature [13-17]. In this present work we shall stay in
the area of Hamiltonian systems so that in the reversible framework.

This generalization has started to appear in works by the authors of [18-21]. The combination of
Hamiltonian and gradient dynamics has been called metriplectic in the works by the authors of [22,23]
and GENERIC (General Equation for Nonequilibrium Reversible-Irreversible Coupling) in the works
by the authors of [13-15,17] where the Riemannian (metric or its nonlinear generalization) geometrical
structure appearing in the gradient (dissipative) part of the vector field is more general. The search for
the most appropriate, both from the physical and the mathematical point of view, formulation of the
combination of the Hamiltonian and the gradient dynamics continues. For example, contact geometry
offers a very convenient setting [13,24,25]. A variational formulation has recently been introduced in
the works by the authors of [26,27]. Another variational formulation also arises in the contact geometry
formulation [28].

While performing the Hamiltonian analysis of a given differential system, two tasks, namely,
determining a Poisson bracket and choosing a Hamiltonian function, must be achieved simultaneously.
It is indeed a hard task to arrive at a Hamiltonian realization of an arbitrary system. Cotangent bundle,
which can physically be considered as the momentum phase space of a configuration manifold, carries
a canonical symplectic two-form, thus a canonical Poisson structure. This canonical geometry fits
well many physical systems involving the classical mechanics and the electromagnetic theory [2,29].
If the physical system possesses some constraints or/and some symmetries, then such a canonical
Poisson framework cannot be proper. In this case, a reduction procedure should be applied in order to
arrive at a correct Poisson picture [30].

Lie-Poisson Equations. For many physical systems, the configuration space is a Lie group G, see
the work by the authors of [31]. In this case, the group action induces a symmetry on the cotangent
bundle T*G of the Lie group, so that the canonical symplectic structure on T*G reduces to a Poisson
structure on the quotient space T*G/G. This reduction procedure has rich geometric and algebraic
properties. Let us depict this more explicitly. Consider a Lie group G and its Lie algebra g equipped
with a Lie bracket [e, o] ;. Linear algebraic dual g* of the Lie algebra carries a natural Poisson structure
called as the Lie-Poisson bracket [30,32-34]. Under the reflexivity condition, the Lie-Poisson bracket
for u € g* is given by,

89}y (W) ==+ <u, [ﬁ?ﬂ > )
g

where § and §) are two function(al)s defined on the dual space g*, and the pairing at the right hand
side is the one between g* and g. The bracket inside the pairing in Equation (2) is the Lie algebra

bracket on g, and the notation 65)/Ju stands for the Fréchet derivative of the functional §). In this case,
the dynamics is governed by the Lie-Poisson equations

p= {‘M,f_)}g* = :Fad%zn/ 3)
where ad* denotes the coadjoint representation of g on g*, obtained by the dualization of the adjoint
action of g on itself. Here, the adjoint action is defined to be the Lie algebra bracket on g.

Diffeomorphism Groups. The configuration spaces of some of the physical systems, such as
fluids and plasma theories, are diffeomorphism groups [31,35-37]. Diffeomorphism groups are infinite
dimensional Lie groups [38—40]. In these cases, the Lie-Poisson formulation, presented in the previous
paragraph, takes the following particular form. Assume that a continuum rests in a manifold M in R3,
then diffeomorphism group Dif f (M) acts from left on the particle space M by evaluation, whereas
right action commutes with the particle motion and constitutes an infinite dimensional symmetry
group of the kinematic description. This is called the particle relabeling symmetry [41]. We assume
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the Lie algebra of Dif f (M) as the space X (M) of smooth vector fields. Here, the Lie algebra bracket
is the minus of the Jacobi-Lie bracket of vector fields, that is,

(X, Y]xm) = =X, Y]jL = —£LxY, (4)

where Lx denotes the Lie derivative operator. We define the dual space X* (M) of the Lie algebra as
the space of one-form densities A! (M) @ Den (M) on M. Here, the pairing between a vector field X
and a dual element Il ® dy is defined as

ModpX) = [ 1) -X(E) dp(z), ®

where the pairing inside the integral is the canonical one between the covector I1(z) and the vector
X(z). Here, dy is a density, that is, a volume form on M. The adjoint action of the Lie algebra onto
itself is defined by the Lie algebra bracket in (4). A simple calculation

—(adx(II@du),Y) = (I1@du,adxY) with adxY = LxY = [X,Y] (6)

shows that the coadjoint action of the Lie algebra X (M) on its dual X* (M) is
ad (M@ dp) = (LxT1+ (diog,X) 1) @ dy, @)

where divg, X denotes the divergence of the vector field X with respect to the volume form dp. At this
point, without lost of generalization, we fix the volume form dy, so that we particularly consider
a dual element as a one-form I1. For this choice, a Hamiltonain functional §) generates the Lie-Poisson
equations on the dual space X* (M), given by

) .09
Il = _‘Caj’J/BHH — (dlvdﬂarl> I1. (8)

In the divergence-free case (corresponding to volume-preserving motion), where the second term
on the right hand side of Equation (8) identically vanishes, we obtain equations

1= —LxIL )

A geometric pathway to the dynamics of the continuum. To describe the motion of a continuum,
one may start to write down the whole microscopic data, involving the interactions, which is very
difficult. The kinetic theory uses statistical concepts to handle practical problems of microscopic theory.
In previous publications [42,43], a geometric pathway has been proposed for the incompressible
Lie-Poisson Equations (9). Even though we present this geometry in the upcoming section, let us
briefly summarize this geometrization. In order to arrive at the Lie-Poisson dynamics, start with
the most basic ingredient of the theory, a vector field X generating the motion of a single particle, then,
by applying purely geometric operations such as complete cotangent lifts and vertical representatives,
define a generalized vector field VX on the space of sections. This results with the Lie-Poisson
dynamics presented in (9). Explicitly, it has been proved in the works by the authors of [42,43] that
the Lie-Poisson equations can be written in the form of

IT° = VX (x,11), (10)

where VX is the vertical (evolutionary), representative of the complete cotangent lift X°* of the vector
field X generating particle motion. Here, IT? is a vector field defined as the vertical lift of the one-form
I1, see, for example, the work by the authors of [44]. Note that, the geometrization procedure
in Equation (10) for the Lie-Poisson Equations (9) is free of a Hamiltonian functional, and thus
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free of a Poisson structure. As we shall argue in the main body of the paper we believe that such
a geometrization looks promising for continuum theories.

Let us make a mathematical remark here to depict this geometrization in more technical terms.
A single particle traces a curve in the configuration space, so that its motion is determined by
an ordinary differential equation (ODE) with time as the independent variable. On the other hand,
the motion of the whole continuum is determined by a partial differential equation (PDE) governing
a (scalar or vectorial) field. That is, mathematically, the single particle motion is a submanifold of
a tangent bundle, whereas the motion of the continuum is a submanifold a jet bundle. Therefore,
in order to find a link between these two motions, one needs to propose a geometric operator taking
a tangent vector to a jet bundle element. Further, the final product of this operator must forget
the motion on the base level in order just to concentrate on the field parameters. The geometrization
in Equation (10) does both of these two tasks simultaneously, by relating the base motion to the motion
of the field IT as well as by removing affects of the dynamics on the base level.

The goal of the present paper. In the literature, the geometrization (10) has only been studied
for volume preserving dynamics [42,43], and no relationship with compressible dynamics has been
established so far. Our aim in the present work is to extend the application area of the geometric
pathway (10) to compressible systems and establish purely geometrical relations between all possible
realizations (momentum or the usual field equations). The geometrization (10) depends on the
duality between vector and covector fields, our first novel result is to put the averaged 2D-Euler
equation into this framework by redefining the duality by a Sobolev norm. For further generalization,
we define an injective Lie algebra homomorphism called Generalized Complete Cotangent Lift (GCCL).
GCCL is a mapping from the space of symmetric tensors on a manifold to Hamiltonian vector fields
on the cotangent bundle of the manifold. The dual of GCCL is a Poisson mapping relating the Vlasov
dynamics in the momentum formulation to (both compressible and incompressible) Euler’s fluids
in the momentum formulation. Then, using GCCL, compressible fluid motion is put into the framework
of (10). As a byproduct, a unique decomposition of the space of symmetric tensors is established
as a matched pair Lie algebra. We further equip the compressible fluid flow with entropy. Then,
we study 10-moment hierarchy, which paves the way towards to whole Grad hierarchy including
entropic moments. In summary, we provide an alternative purely geometric construction of mechanics
in kinetic theory and Grad hierarchy.

Let us sum up the main novelty of this work. The Lie-Poisson dynamics is determined by
the Lie—Poisson bracket and a Hamiltonian function(al), see, for example, the work by the authors
of [30]. In the present work, we first establish that (see Section (2.3)) one can write the Lie-Poisson
dynamics for incompressible fluid and Vlasov plasma without referring to a Poisson bracket or
a Hamiltonian function(al). Inspired by a series of papers on the moments of the Vlasov dynamics,
see, for example, the works by the authors of [45-49], we propose a Lie algebra homomorphism
GCCL from the symmetric contravariant tensors on a manifold to the Hamiltonian vector fields on
its cotangent bundle (see Section 3.2). Dualization of this mapping determines the moments of
the Lie-Poisson equations of form (9) (see Section 3.5). Double application of the GCCL operator and
geometric pathway (10) lead to the compressible fluid dynamics (see Section 4.1) and the 10-moment
approximation (see Section 4.2) free from a Poisson bracket and a Hamiltonian function(al).

The contents. This paper comprises three main sections. In the following section, we present
the geometrical and algebraic foundations of the geometrization (10) as well as comment on underlying
physical intuitions. Examples of this geometry are incompressible fluid flow and Vlasov’s plasma.
We close this section by redefining the duality with a Sobolev metric and writing an averaged
2D-Euler’s equation in the form of (10). In the third section, Lie algebra of symmetric contravariant
tensor fields and a matched pair decomposition of this space is established. An injective Lie algebra
homomorphism, which we call Generalized Complete Cotangent Lift (GCCL), is defined. It is shown
that the dual of GCCL is a Poisson mapping from the plasma level to the fluid level both in momentum
formulations. In the fourth section, we generalize the geometrization (10) to compressible fluid motion
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including entropy density. Finally, the procedure is generalized to also cover the 10-moment Grad
hierarchy in kinetic theory and incorporate a complimentary hierarchy of kinetic moments.
Notation. Let M and Q be finite dimensional manifolds equipped with the local coordinates
(x*) and (g'), respectively. Cotangent bundles T* M and T* Q carry canonical symplectic two-forms,
in Darboux’ coordinates given by Q \ = dx A dIT, and Qg = dq' A dp;, respectively. The Hamilton’s

equation is generated by a Hamiltonian function H on T*Q, and it is defined as
1x,Q¢g = dH, (11)

where ! is the contraction operator. Further, it is assumed that all the requirements of functional
analytic issues, such as existence, uniqueness, regularity, and convergence, are satisfied.

2. A Geometric Pathway to Kinetic Theories

2.1. Complete Tangent and Cotangent Lifts

Let M be an m—dimensional manifold equipped with local coordinates (x?). A vector field
X on M generates a flow on the manifold M, say ¢; : M — M, which describes motion on
the manifold with respect to a parameter t (representing the time). Locally, this reads that the vector
field X(x) = X?(x)d/9dx® generates infinitesimal transformations:

a a
2" — 5 = x4+ 1 X(x) :x“—}—tXba—xb = x* 4+ X% (12)
x

2.1.1. Complete Tangent Lift

Let us first recall the concept of complete cotangent lift, see, e.g., the work by the authors of [50],
including its physical interpretation for clarity. Attaching a tangent plane to each point of the manifold,
i.e., constructing the tangent bundle T M with induced local coordinates (x?,v?), the vector field X
tells which vector of the tangent plane at each point describes the motion. In other words, the vector
field tells the direction and the velocity with which the motion continues from the point, and it can be
interpreted as a mapping from M to TM. To see this, consider the flow ¢f on the tangent bundle TM
defined by the following equation.

Two ¢ = dro T, (13)

where T is the tangent bundle projection mapping a vector in TM to its initial point in M. Flow
¢f constitutes a one-parameter group of diffeomorphisms on T M called the complete tangent lift of
the flow. From the differentiation of Equation (13) with respect to t at f = 0 we define the complete
tangent lift X° of X as follows

Ttr o X =XoTpy. (14)

Notice that X¢ is a vector field on T M. Consider now a vector v € Ty M, which by definition
corresponds to a curve 7y(t) passing through x satisfying ¢ = v. The transformation (12) maps
the curve to a new curve X(7(t)). Therefore, the transformation maps the vector v to a new tangent
vector with components

oxt ox®
— —_b = — 34 = b
U= dtx (7(t)) axa,y (t) <5a +taxa

b
) " =" + tv“%. (15)

From the perspective of the tangent bundle T M, a vector field X induces both motion in the 9/0x*
direction as well as motion in the 9/9v" direction, that is,
d po0X* 9

c _xa 9 2
X (x o) = X axt ¥ axb gor”

(16)
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2.1.2. Complete Cotangent Lift

Consider the cotangent bundle T* M equipped with conjugate coordinates (x?,I1;). The complete
cotangent lift of a flow ¢; (of a vector field X) on M is a one-parameter group of diffeomorphisms ¢{*
on T* M satisfying

MO GF = @roTim, (17)

where 774 is the natural projection defined on T* M to M. The vector field X* on T* M, which has
the flow ¢{*, is called the complete cotangent lift of X [44]. The infinitesimal version of the Equation (17)
determines X* as follows,

TT[MOXC*:XOTIM. (18)

The complete cotangent lift X“* is dual to the complete tangent lift X¢ in the following sense.
Taking the duality between elements of the tangent planes and elements of the adjoint cotangent
spaces, the duality between the cotangent and tangent lifts must be the same, that is,

(9" (IT), v) = (IL, ¢<4(0)). (19)
Therefore, we put
C a aXb a aXb a B a Cx
(I1, ¢° 4 (v)) = T1,0" — tHbWU = (I, - tHbW v =T1,0" = (¢f*(I1),v), (20)

which means that TT, = TI, — tIT1,0X”/9x". From the perspective of the cotangent bundle T* M,
a vector field X also induces motion in the momentum, which is the complete cotangent lift of vector
field to X(T*Q),

9 9x' 9
W - W baT—[a/
see, e.g., the work by the authors of [50]. The complete cotangent lift of X expresses how both position
on the manifold Q and covectors (one-forms) vary along the motion induced by the field; a diagram
summarizing the discussions done so far follows.

X = X° (1)

TTM T7'L’M

TTM M TT* M
XC X XC*
M o M T M
We have the following Lemma [30,51].
Lemma 1. Maps given in
CAM) = X(TM) : X — X5, FXM) =X (T'M) : X — X (22)
are Lie algebra isomorphism intos, that is,
(X, Y] =[X5 Y] and [X, Y] = [X“, Y], (23)

forall X,Y € X (M).



Entropy 2019, 21, 907 7 of 33

2.2. From Jet Bundle to Tangent Bundle

Triple (€, 1, M) denotes a smooth bundle with coordinates (x?) on the base manifold M and
(x?,u") on the total manifold €. J'7t is the first order jet manifold associated with (&, 7, M) with

induced coordinates (x?, u", u}). There exist fibrations,

mo: Jim = € (x,uuy) — (x,u), s Jhr = M (x,u,uy) — (%)
of J'7t on £ and M, respectively, [52]. Contact forms
9" = du® — ufdx” (24)
determine holonomic sections of the jet bundle fibration.

2.2.1. Holonomic Lifts of Vector Fields

Consider a fiber bundle (£, 1, M). Let X be a vector field on M and consider a section ¢ of
the fibration 7t. The lie derivative (directional derivative) of a smooth function, F, defined on the total
space, £, with respect to the vector field X can be computed by means of ¢ as follows, Lx(F o o).
This definition reads the definition of the holonomic lift X/ of the vector field X by the identity

X"F)oo:= Lx(Foo). (25)

Note that in terms of the local coordinates, for X = X%d/dx", the holonomic lift defined in (25) is

computed to be
d d
hol __ A
X ob — Xaw"_xuuuw. (26)
Note that X"/ is not a classical vector field on &, as its coefficients depend on the first order jet
bundle. Such kind of sections are called generalized vector fields [52-55]. In order to justify the term
holonomic, we see that the values of X"! at the contact one forms 8 in Equation (24) vanish identically.

For a vector field Y = Y?9/0x* + Y*9/0u”, we define the holonomic part HY of Y as

HY := (Tmro ) = w%+wu9$. 27)

2.2.2. Lie Algebra of Generalized Vector Fields

Assume a fibration (€, 71, M). In general, a generalized vector field on £ takes the form of

d A 0
¢=¢" (x)W‘f‘g (x, u, uy) P (28)
The first order prolongation pr!& of ¢ is defined by
1 A9 A A _zb, A b, A
prie=c+ @)=, @) = De (& — ) + 8, 29)
a

where D, is the total derivative operator with respect to x?, and u{]‘a is an element of the second order
jet bundle. The Lie bracket of two first order generalized vector fields ¢ and 7 is the unique first order
generalized vector field

& lpo = (prie (") = prin (&) % +(pr'e (n") —pr'n (24)) %- (30)

If { and 7 are two classical vector fields on &, then [e, o] reduces to the Jacobi-Lie bracket of

vector fields [54], which results in the following lemma.

pro
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Lemma 2. The mapping H : Y — HY in (27), taking a vector field to its holonomic part, is a Lie algebra
isomorphism from the space of projectable vector fields into the space of generalized vector fields of order one.

2.2.3. Vertical Representatives

Note that the holonomic lift of a vector field reads the action of the vector field X on the fiber
coordinates. So that, for a projectable vector field Y on &, to read just the vertical motion, that is,
the dynamics governing the sections, one needs to subtract holonomic part inside Y, so that the vertical
motion is the one obtained by subtracting the holonomic part HY of the vector field from itself [54].
We call this the vertical representative:

0
_ . — « _ ya, A\ Y
VY =Y - HY (Y Yu,,)am. (31)
Note that VY lies in the kernel of T7t. On the other hand, the generalized bracket of vertical
representatives satisfies

VY1, VY,],, =V Y1, Y2] + 9B (Y1, Y2). (32)

pro

B is a vertical-vector valued two-form

B (Y1,Y2) = [HY2, VY1), — [HY1, VY] (33)

pro pro”’

where the brackets are as in (30), see [42]. We require that generalized vector fields are projectable [53].

2.3. Lie—Poisson Dynamics of Incompressible Systems

Now, we concentrate on the case of the cotangent lift and its vertical representative. For this,
we consider the vector bundle (T*M, 714, M), and let Il be a section of this bundle. Let X be a vector
field on X, then its holonomic part is

d oll, o
cx\hol __ ~ehol _ ~ya Y a b 9
(X))t = X" =X 51 +X ox7 3TL," (34)
The vertical representative of the cotangent lift X“*, that is,
VXS = X (TT(O Xc*)hol — X _ Xhol
9X? 9 oIl, 9 0 (35)
=——+I1 - X1 =— IT))p=—
axt oIl 9x7 ll, (£x( ))banb
which results with
(VXT)p = = (Lx(IT))p. (36)
We have then the mapping
Ve X(Q) - VX (T*Q) : X — VX, (37)

taking a vector field, X, on Q to a vertical vector field on T* Q, by first taking the cotangent lift, then
taking the vertical representative. For the case of complete lifts, the vector-valued two-form 98 defined
in Equation (33) vanishes. This reads as the following lemma.

Lemma 3. The mapping V°* in (37) is a Lie algebra isomorphism into, that is,
X(Q) +— X" (T*Q) +— VX (T*Q).

Vertical representative is sought for a vector field X“* on cotangent bundle T*T* Q. The cotangent
bundle has a natural fiber structure T*T*Q over the base T* Q. The vector field thus has a component
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in the direction (9/94",9/9p') as well as in (91, ;). For a given point (¢, p;), the component of
the vector field in the (dyy, dyyi) directions describes evolution of the momentum variables (IT;, IT?),
which can be seen as motion along the fiber attached to (¢, p;). The momentum coordinate can be seen
as a function of the point (4', p;), and the time-evolution equation for (IT;, IT') is the vertical component
of the vector field. However, as also the point (g, p;) is subject to motion, evolution of (g, p;) affects
the momentum coordinate (TT;, IT). By subtracting this evolution, XZOZ , from the vertical vector field,
X5, we obtain the vertical representative of the total vector field, which determines the evolution of
the momentum variable

IT; = X¢* — X)L, (38)

This is a purely geometric way for extending dynamics on a manifold to the cotangent bundle on
the manifold.

2.3.1. Vertical Lifts of One-Forms

Consider the cotangent lift T*7ty : T*M — T*T*M of the projection s : T"M — M,
and recall the isomorphism Qf., M T'T*M — TT* M associated with the symplectic two-form
Q7+ pq on the cotangent bundle T* M. Euler vector field is defined as

Xe:T"M = TT*M:z — QL o T iy (2), (39)
which is a vertical-valued vector field, that is, Im (Xg) C ker (T7tpq). The vertical lift
o’ =Xgoaompy : T"M — TT* M (40)

of the one-from w is a vertical-valued vector field on T* M [44]. Taking the coordinates (x?,y;) on
T*M, the Euler vector field is computed as Xr = —1,9/9y, and the vertical lift of the one-form
o = o, (x)dx"is a® = —w, (X) 0/Yy,.

2.3.2. Geometry of Lie-Poisson Equations

Now, we will collect all the geometric structures introduced in this section to arrive at
the Lie-Poisson equations in terms of lifts and vertical representatives. Starting with a differential
one-form I'T = TT,(x)dx", an element of the space A!(M) of one-form sections on M. Assuming that
Al(M) is a vector space, its tangent space equals to the product TA' (M) = A} (M) x AL(M). Let us
consider a curve IT(t) in A'(M). The time derivative ITis an element of the tangent space. As we have
identified TyA'(M) = Al(M), the geometric object ITis a differential one-form I'T = IT,(x)dx* which
isin A1(M). Now, we compute the vertical lift of this one-form section as explained in (40), this locally

reads that
J

o,

Therefore, a direct observation results in the following proposition.

[T = IT, (x) (41)

Proposition 1. If the motion of a single particle is governed by a volume preserving vector field X on a
manifold M, then the Lie—Poisson equation governing the motion of the continuum consisting of such particles
can be written as

I1° = VX (x,11). (42)

Proof. In order to prove this observation, recall the Lie-Poisson equations given in Equation (9).
See that minus of the Lie derivative on the right hand side equals to VX" that is the vertical
representative of the complete cotangent lift of X. By employing Equation (41), one immediately
arrives at the required result (42). O
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We remark that in this geometrization, one of the crucial step is to determine the dual space. Here,
we are showing this fact explicitly in the following example.

2.4. Example: Incompressible Fluid Flow

For an ideal incompressible fluid in a bounded compact region, Q C R?, the configuration space
is the group Dif f,,; (Q) of volume preserving diffeomorphisms on Q. The Lie algebra X;;,, (Q) of
Dif fuo1 (Q) is the algebra of divergence-free vector fields parallel to the boundary of Q, and the dual
space X}, (Q) is the space

Xjip (Q) = {[Y] @ d°q € (A'(Q)/dF(Q)) ® Den(Q)}, (43)

of one-form modulo exact one-form densities on Q. Here, [Y] = {Y+dp:pec F(Q)} €
AY(Q)/dF(Q) denotes the equivalence class containing Y, and the volume three-form d°q is
the Euclidean volume on R® [5,56]. Let (x%,Y}) be induced coordinates and X = X%d/0x" be
a divergence-free vector field. Then,

(44)

ox?b aY,\ o
cx __ | _ _ya 7
VT = ( Yogm =X 8x“> oY,

according to Equation (36), and the equations of motion for the dynamics generated by VX are

ofY] _
For a generic element Y + dp € [Y], Equation (45) becomes Euler’s equations for ideal fluid, that
is dY/ot + LxY = dp. If the dual space X}, (Q) is identified with exact two-forms by [Y] — dY =
w € A%(Q), then Equation (45) becomes the Euler’s equation in vorticity form dw /9t + Lxw = 0.

2.5. Example: Vlasov's Plasma

Configuration space of collisionless and non-relativistic plasma motion is group Dif fean (T*Q) of
canonical diffeomorphisms on the phase space T*Q of configuration manifold @ C R3 of individual
charged particles [2,57,58].

2.5.1. Lie Algebra of the Canonical Diffeomorphisms

Lie algebra of the group is space Xy, (T*Q) of Hamiltonian vector fields on T*Q equipped
with minus of the Jacobi-Lie bracket [e, o]. We can identify the space X}, (T*Q) with the space of
nonconstant smooth functions (more terminologically nonconstant Hamiltonian functions) on T*Q
equipped with the canonical Poisson bracket {o, o} as the Lie algebra bracket, that is,

(F(T*Q/R), {o,0}) = (X (T*Q), ~[o,8]) 1}t > X (46)
This is a manifestation of the identity
= [Xn, X = X 53 (47)

2.5.2. The Dual Space

The identification (47) reads that Lie algebra of the canonical diffeomorphism can also be
considered as F(T*Q)/R. In this case, the dual space of the Lie algebra is the space Den(T*Q)
of densities on T* Q. By fixing the symplectic volume Q?’Q, we can further identify the dual space with
the smooth functions F(T* Q). This fits the classical approach, where elements in the function space
are accommodated as the plasma density functions. We are now returning to the very first definition
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of the Lie algebra consisting of the Hamiltonian vector fields, and try to define a dual to that space
consisting of the differential one-forms.

Lemma 4. The following identity holds,
— ; 1
/*Q (X (2),T1(2)) dp (z) = ./T*Qh (divn. o TT) dp, (48)

where QﬁT*Q : TT — T is induced from the symplectic two-form Qr«g.

Proof. With this definition of the dual space the Ly-pairing of the Lie algebra and its dual becomes
nondegenerate provided we take the symplectic volume du = Q3. oin

_ Ngu— — [
/T*Q<dh,H ) dp /T*sz (dh) d

. dh/\'d:/hd'd
/T*Q TR g <l“} V)

- / o (dinT* Qnt) dy, (49)

[ (% (2) () dp (2)

where we have applied integration by parts in the second line ([30], internet supplement). The
calculation can be also carried out in the Darboux coordinates using Xj = L - dh, where L is the Poisson
bivector (inverse of 0g). O

Proposition 2. The L2-dual space of the Lie algebra X,q, (T* Q) of Hamiltonian vector fields is
Xjrom (T7Q) = {TI® du € AH(T*Q) @ Den(T*Q) : divg ,IT* # 0}. (50)
Proof. Then, the dual of the Lie algebra isomorphism h — Xj, is
T — divg, ITF (51)

and it is a momentum map. Notice that the operator divE)Q takes the one-form of a real valued function.
In Darboux’s coordinates (g, p;) on T*Q, if Qr+o = dg' A dp; and I1y = ITidg' + IT'dp; , then
oIl (z) I (z)

f(z) = divg, 1T (z) o7 op;

/ (52)

defines the plasma density function. This calculation leads us to add a subscript f to the notation of
the one-form section I'l £, 80 that we have divg o H} =f 0O

2.5.3. Momentum-Vlasov Equations [43]

We start with the total energy function i = p*/2m + ey of a single particle. Here, ¢pj is
the potential. Locally, the Hamiltonian vector field for the Hamiltonian function / is computed to be
_ 5ijPi 9 dpr1 0

In Darboux’ coordinates (q', p;,I1;, IT') on T*T*Q, the complete cotangent lift of X}, reads

1 0 ; 824)[1 0
ok _ _sij . 9 ]
Xj, X, —9 Hla ; + ell aqjaqi v

(54)
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The vertical representative of the cotangent lift X7*,

VXSt = (eIl ¢ — X, (IT;) 9 —(ln«(sf’drxh(ni)) 9 (55)
dg/9g’ Yoty tm oIT’

is a vertical valued generalized vector field of order 1. Vertical lift of the one-from Iy = Il dq' + TTidp;

is a vertical vector field Hjﬁ = niaqi —IT;0p; on T*T*Q, [44]. Hence, m-Vlasov Equations (56) can be

recast in the form

T — cx
Iy = VX;7,
that is given explicitly by
. - 0%
e ] — .

II; = ell e X, (I1;)

. 1 y ,

I = —%Hjéﬂ — X, (IT), (56)

Vlasov Equation. Let us recall the identity (42) and apply it in the present case. The momentum-Vlasov
equations can be compactly written as

Il = VX§* (Ilf) = —Lx, I1y. (57)

Lemma 5. The operator ding and the Lie derivative Lx, commute for Hamiltonian vector fields Xy, that is

divhy (Lx,1Tf) = Lx, (divf, (1)), (58)

Proof. Recall the calculation in (49) and apply the present case as follows

[ (XTI, Xi)dp(z) = [ divfy, (£x,11kdu(z). (59)

On the other hand, we have an integration that by part reads,

/*Q<(£X;1Hf)/xk>d.”(z) = —/T*Q(Hf,ﬁxhxwdﬂ(z) = /T*Q<Hf/X{h,k}>d.u(Z)
_ /T o 100, (1) I K}y (z) = /T o ivh, (L) Wkdp(z)  (60)

= oL (divgg (If))k dp(z).

Comparing the first and the second calculations in the proof for an arbitrary function k the proof
is completed. O

When the dual mapping in Equation (51) is employed, the momentum-Vlasov equations then
turn to
divﬁQQ(nf) = —ding(cxhnf). (61)

If, in particular, the dualization is determined by the L? pairing on the function space, we arrive at
divgy (Lx,11) = Lx, (dioh, (IT)) = Lx, (f) = {f,h}. (62)
This reads the Eulerian dynamics in density variables, that is, Vlasov’s equation,

f = divhy (Iy) = —divh, (Lx,Ty) = —{f,h}. (63)
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If I is the total energy of a single particle, we have

of (1,0 90f (64)

1
ot " ml oqi oq' dp;

In the work by the authors of [57], the accompanying Poisson equation

Vs () = *e/f(w)d% (65)

has been obtained by a momentum mapping coming from the gauge symmetry of
the Hamiltonian dynamics.

2.6. Example: Averaged 2D-Euler Equation

In the previous example we have employed L? pairing of the functions, that is simply
multiply-and-integrate. This determines the structure of the Lie-Poisson equation. Let us consider
that Q equals to R with coordinates x, so that the cotangent bundle turns out to be T*Q = R? with
coordinates (x,y). Now, we change the pairing to the Sobolev H!-pairing, given by

i, o) = / Fifo dxdy + A2 / Vfi -V dxdy, 66)

where A is a real parameter. Here, Vf is the gradient of f. After applying integration by-parts to
the second term and omitting the total divergence terms we write H!-pairing in terms of the L?-pairing
as follows

(hifodin = (= N0)f, fo) = [ 1= 22)fy ddy. 67)

In this framework, the momentum map defined in (51) takes the form of
I1(z) — divg, IT (z) = (1— A*A)f. (68)

To see that, consider the following equalities
= 1 ﬁ = — 2
/*Q (X, (2),T1(z)) dxdy (z) /T*Qh (divn. o TT) dxdy /h(l A2AVf dxdy,  (69)

where we have employed Lemma (4) for the case of T*Q = R? and used the Sobelev metric (67) on
the function space. Note that in this case we omit the subscript in order not to mix this mapping with
the one in (51). Let us apply the momentum mapping (68) to both sides of the equation IT = VX{*.
From the left hand side, one arrives at

divgg (I1) = (1 - A2A)f (70)
for the left hand side, one computes
divgy (VXG7) = —divf, (Lx,11) = —Lx,divf, TT= —Lx, (1 - A?A)f) (71)

where we have used (36) in the first equality and used the commutation relation (5) in the second
equality. Therefore, we have
(1-A2A)f = —{(1 = A*A)f, h}. (72)
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Assume, in particular, that f = ) is the vorticity of an ideal inviscid incompressible homogeneous
fluid and /i = Y is the stream function determined by the equation () = AY; then, this system turns
out to be an averaged 2D-Euler equation, [59,60]

(1-A20) Q0+ {(1-A%A)Q, ¥} = 0. (73)

3. Generalized Complete Cotangent Lift

Before starting to elaborate the fluid theories and the kinetic moments of the plasma dynamics,
we study some geometrical arguments motivating from [47].

3.1. Schouten Concomitant

Direct product TQ = &7’ ;T"Q of spaces T"Q of symmetric contravariant tensor fields on
a tmanifold Q@ C R3 of all orders constitutes an infinite dimensional vector space. In a local coordinate
system {qi} on Q, an element of $Q can be written in the form of

X = % X" = @%_ Xiz-in (g) aqil ® ... ® Qgin,s (74)

where X" € T"Q is a symmetric contravariant tensor field of order n and Xhi2-in are real valued
coefficient functions. T°Q is the space F (Q) of smooth functions and ¥' Q is the space X (Q) of vector
fields on Q. Schouten concomitant

(X, Y]ge = @hg Boeo [X", Yo = @pg g 2" (75)

is a Lie algebra structure on the space TQ [39,49,61]. Here X", Y and Z"+"m=1 are contravariant tensor
fields of orders n, m and n + m — 1, respectively. The coefficient functions of Z"+"~1 in terms of those
X" and Y™ are

PR . . ilmim . . Z‘11‘2-~in
T tnpm—1 — nX11n+1~~1m+n—ll oY _ mY1n+1~~~1n+m—ll oX .

aq! aq!
3.1.1. Lie Subalgebras of Schouten Algebra

For the zeroth-order tensors, that is, for the space of smooth functions F (Q), Schouten
concomitant reduces to the trivial Poisson bracket of functions on Q. So that F (Q) is a subalgebra
of T(Q). For the first order tensors, that is, for the space of smooth vectors X (Q), the concomitant
turns out to be the Jacobi-Lie bracket of vector fields. For instance, when X; and X, are vector fields
in the classical sense, then the coefficient function becomes
90X

1

aq' -2 aq'

j
Zi — Xi aXZ

= [Xy, Xo', (76)

which is the Jacobi-Lie bracket (commutator) of the two vector fields. So, X (Q) is another subalgebra
of T(Q). A semidirect product

1
s:=) TQ=F(Q)xX%(Q) (77)
k=0
of the subalgebras is another subalgebra of T(Q). In this case, the Schouten concomitant becomes

[(01,X1), (02, X2)]sc = (Lx,02 — Lx,01, [ X1, X2]) , (78)

where Lxp is the directional derivative of the function p in the direction of X and [X, Y] is the Jacobi-Lie
bracket of vector fields X and Y.
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Note also that the complement of the vector space s in TQ is closed under the Schouten
concomitant as well. We denote this subalgebra by

ni= i k0. (79)

To see this, herein, we only recall the graded character of the Schouten bracket. The least order
tensors in n are of order 2, and the Schouten bracket of two such tensors is a third-order tensor, so it is
in n. We record here the decomposition TQ = s @ n. That is, we can write any generalized tensor field
X'in the Lie algebra TQ in the form of

X=(p,X)®X, (80)

where the first factor (p, X) lives in the subalgebra s whereas the second factor X = }_;” , X" is in the Lie
subalgebra n.

Remark 1. This splitting can be interpreted in the context of Grad hierarchy of kinetic theory. The s subalgebra
represents fluid mechanics (compressible and isentropic), whereas subalgebra n represents the higher moments
of the Grad hierarchy. The splitting then means that closed evolution equations can be formulated within s,
within n or within the whole Q. The first case corresponds to fluid mechanics (Euler equations), the second to
dynamics of higher moments only (the reducing dynamics approaching fluid mechanics), and the third case is
equivalent to solving the whole Viasov (or Boltzmann) equation, see the work by the authors of [62] for details.

3.1.2. Matched Pair (Bicross Product) Realization of TQ

Let us examine algebraic foundation of the decomposition of Q = s @ n presented in the previous
paragraph. To this end, we find the possible actions of s and n onto each other by computing
the Schouten bracket

(XK, (0, X)]sc = [XF, plsc + [XF, X]sc = [XF, p]sc — LxXF

where XF is a symmetric tensor field of order k greater then or equal to 2. Here, LxXF is the Lie
derivative of XK in the direction of X, whereas

(XK, plsc = kXiik1fp agh . gh-1. (81)

Therefore, if k is strictly greater than 2, then the order of the tensor [X¥, p]sc is strictly greater
than 1 and it is an element of n. Otherwise, that is for k = 2, [X¥, p]sc is a first order tensor field
(that is a vector field in the classical sense), so that [X?, p]sc is in 5. If the algebraic structure of
the decomposition TQ = s @ n were a direct product, then two components (o, X) and X = Y3 , Xk,
c.f. Equation (80), would be orthogonal with respect to Schouten bracket. However, we have proved
that this is not the case for TQ. If the algebraic structure of the decomposition TQ = s @ n were
a semidirect product, then the Schouten bracket of an element of n and an element of s would lie
in one of the subspaces. But we have shown, this is not the case for TQ either. Instead, the bracket
[X, (p, X)]sc results in some terms lying in s and some other terms lying in n. In light of the work by
the authors of [63], this observation manifests that the total space TQ can be realized a matched pair
of its subalgebras s and n. A matched pair is a generalization of the semidirect product in the sense
that there exists mutual nontrivial actions of s and n on to the each other. If there is only a one-sided
action of s on n or vice versa, the matched pair becomes a semidirect product. The mutual actions are
computed from the identity

X, (0, X)]sc =X > (o, X) ©X < (o, X). (82)
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Here, the first term X > (o, X) is the left action of X € non (¢, X) € s, and the second term
X < (0, X) is the right action of (¢, X) on X. Accordingly, we compute the mutual actions as follows,

D>:s@n s, > (0, X) = (0, X2, plsc), (83)

QLSRN n, Z ([X", o)sc — LxXM). (84)

We summarize this matched pair decomposition of TQ in the following proposition which says
that TQ is a matched pair Lie algebra.

Proposition 3. The space TQ of symmetric contravariant tensor fields can be written as a matched pair product
of its Lie subalgebras s and n exhibited in (77) and (79), that is,

TOXspan, (85)
where the mutual actions are in Equations (83) and (84).

Remark 2. Kolmogorov cascade. Simple fluids are fluids with an internal structure that remains unchanged
during the time evolution. Experience shows that for such fluids the level of classical fluid mechanics (i.e., the level
on which the hydrodynamic fields play the role of state variables) is autonomous. This experimental observation is
compatible with the result (Equation (85)). The question now is whether there are autonomous mesoscopic levels
with a larger, but finite, number of Grad fields. The result (Equation (85)) indicates that the answer is negative.
There are two additional observations supporting the negative answer and thus indirectly also (Equation (85)).

First, it is the dissipation added by Boltzmann to the Hamiltonian kinetic equation. The Boltzmann
dissipation, which indeed drives solutions to the level of fluid mechanics, is supported by an independent and
a very strong physical arqument, namely, that the principal culprit of the disorder created in the gas particle
trajectories are the binary collisions. There does not seem to be any other physical process in the gas that would
drive solutions to a higher order mesoscopic level.

The second is the observation of turbulent flows. When the external force driving the laminar flow increases
the macroscopic order of the laminar flow starts to break up. Vortices start to emerge. The vortices can be regarded
as an internal structure characterized by higher order Grad moments (i.e., by the fields that have the physical
interpretation of higher order velocity correlations). Fluids subjected to a turbulent flow can be thus regarded as
complex fluids (i.e., fluids in which the time evolution of the internal structure is coupled to the time evolution of
the hydrodynamic fields). Observations of turbulent flows show that the break up continues into smaller and
smaller vortices until they completely disappear and become a part of the molecular motion. This observation is
known as Kolmogorov cascade. If there was an autonomous mesoscopic level with n higher order Grad moments
then, when the vortices would reach the size corresponding to the n-moment, the turbulent flow would become
a flow that, in the context of the n -Grad moment level, would appear laminar. We would then expect that
the continuation of the break up would appear as an onset of an n-order turbulence, i.e., a turbulence emerging
on the n-Grad moment level. In other words, the Kolmogorov cascade would have a more complex dependence on
the driving force than the one observed.

Due to the mutual interactions existing in matched pair products, they can be considered as
a generalization of the semidirect products. The Lagrangian and Hamiltonian dynamics on these
systems are available [64,65], and the discrete matched pair dynamics of Lie groupoids are discussed
in the work by the authors of [66].

3.1.3. Lie Group Underlying s
Let us denote the right and left actions of group Dif f (Q) of diffeomorphisms on Q by

PR Diff (Q) x Q= Q: (8.9) = vt (), (86)
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respectively. Infinitesimal generators of the diffeomorphisms lpg'L are vector fields X®* on Q,
respectively. By fixing a point g € Q in (86), we obtain induced mappings gb,f’L from the group
Diff (Q) to the manifold Q. Actions of Diff (Q) on space F (Q) of smooth functions are given by
means of pull back operation, that is,

R(gp)=(p*5) ¢ vpeF(Q. (87)

g—l

Infinitesimal generators Xfi’(LQ) of the transformations U?’L are vector fields on F (Q), that is
linear transformations on F ( Q). Explicitly, we compute the generators as follows,

RL _d RL _4a o R (o1
XEo @) 0) = | ME0.0@= g eov™ (s 1))
d _
= Tpo g ¥ (7 (0.0) = T X" (g)
= Ly (g) (88)

where T¢ is the tangent mapping of ¢. Lxr1 denote the Lie derivative operator and in this case, they
are directional derivatives of ¢ in the directions of X® (g), respectively. Actions c®* of Diff (Q) on
F (Q) in Equation (87) define respective semidirect product structures

(81,91 % (g2,42) = (18241 +0" (31,92)) (89)
(81,¢1) X (82.¢2) = (8182/4’1 +of (81_1/¢2)) (90)

on the product manifolds S®L = Diff (Q) x®L F (Q). Here, the superscripts of S denote which of
the actions o®'! has been chosen. Identity elements for both of the group structures S® are the same
and itis (e,0) , where e is the identity in Dif f (Q). The elements of tangent space

T0)S™" = TgDiff (Q) x F (Q)

at (g,¢) are given by two-tuples (Xg’L, v). Here, Xg'L are material velocity fields satisfying
the identities T o X?L = 1/)§’L, where T is the tangent bundle projection and lpg’L are
diffeomorphisms in Equation (86). The second term v is a function on Q, that is an element of F (Q).
Tangent space T(EIO)SR’L at the identity (e, 0) is the product space X (Q) x F (Q). It is the underlying
vector space for both of the Lie algebras 5% induced from the group structures S®L, respectively.
The Lie algebra bracket on s® is the subalgebra structure given in (78) whereas the bracket for s* needs

a minus sign.
3.2. Lifts of Tensor Fields to the Cotangent Bundle

3.2.1. Tensors to Functions

Let XK be a contravariant tensor field of order k. Due to the canonical inclusion T¥Q < TX(T*Q),
we may assume X as a tensor field on the cotangent bundle T*Q. Using the canonical one-form
0 = p;dq', we define a mapping from T¥Q to the space F (T*Q) of smooth functions on T*Q by
contracting the contravariant tensor X,, € T"Q with n-th tensor power 07. 5 = 079 ® ... ® 01+ ¢ of
the canonical one form 67+ g, that is,

‘ | ]
r Jeres
X _)th _ 6?*@ (Xn) — <Pi1--'Pikdql] ...dqlk,X]l ]kaq]laq]k>

= P ... pi Xk (91)
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We extend the operation given in Equation (91) to the product space TQ. For X = ® X" € TQ
we define a function hx on T*Q as the sum

‘:Q—)]"(T*Q):X%hxz ihxk, (92)
k=0

Ref. [67]. This infinite sum may be considered as the Taylor expansion of the function hx in terms
of the p—polynomials. A straightforward calculation proves the following lemma. For this result,
we refer to the work by the authors of [47].

Lemma 6. The map X — hx is a Lie algebra anti-homomorphism, that is,

Pxy)se = — Uk,

where the bracket at the left hand side is the Schouten concomitant of contravariant tensors whereas the bracket
at the right hand side is the canonical Poisson bracket of functions on T* Q.

3.2.2. Generalized Complete Cotangent Lift (GCCL)

We further define the following operation, which we call the generalized complete cotangent lift
(and denoted as GCCL) from XF, to the space of Hamiltonian vector fields

GCCL : T¥Q = X (T*Q) : X" = Xy, (93)

which take a contravariant tensor field X" on Q to Hamiltonian vector field, corresponding to
the Hamiltonian function defined by Equation (91), c.f., the work by the authors of [68]. In Darboux’
coordinates (g, p;), the Hamiltonian function hy; is a p—polynomial, and GCCL of Xk is thus

aXIllzlk

GCCL (X”) = kpi] pl‘Z...pikilxil"'ik*laq} - P piz...pikTap,.

(94)

Notice that GCCL of a vector field X! = X is exactly the same as the complete cotangent lift
of (21). GCCL is indeed a generalization of the complete cotangent lift. More generally, the generalized
complete cotangent lift of X = @ X" is defined as

GCCL: TQ — Xpyay (T*Q) : X = dj_oX" — ) GCCL (X"). (95)
n=0

Using the identity in (47) and Lemma (6), we arrive at the following equalities,

(X, Y] = [XhX’XhY] = ~X{nghy} = Xn = [X,Ylsc,

X¥]sc
which enable us to state the following proposition.
Proposition 4. The generalized complete cotangent lift GCCL operation in (95) is an injective Lie algebra

homomorphism, that is
GCCL [X, Y]gc = [GCCL(X), GCCL(Y)], (96)

where [e, 8] ¢ is the Schouten concomitant of tensor fields in Equation (75) and [e, e] is the Jacobi-Lie bracket
of vector fields on T* Q.

3.2.3. GCCL on the Subalgebras of T(Q)

We have presented four subalgebras of the the Lie algebra T(Q) equipped with Schouten bracket.
They are the space of smooth functions F(Q), the space X(Q) of vector fields, their semidirect
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product s in (77) , and the complement of the space s denoted by n in (79). On F(Q), the mapping
in Equation (91) reduces to the natural inclusion of F (Q) into the space F (T*Q), h, = p, see also [30].
GCCL then takes the particular form

dp 9

—— . 7
aq' dp; 7)

p— Xo(q) =

Note that the Jacobi-Lie algebra bracket of vector fields of the form X, on T*Q vanishes.
In the following section, we show that X, generates the gauge invariance of the canonical Hamiltonian
structures on T* Q. For X(Q), GCCL reduces to the complete cotangent lift X“* given in (21). Moreover,
GCCL X“* is the infinitesimal generator of the right action of the diffeomorphism group Diff (Q) on
T*Q. Image of (p, X) in s under the GCCL is

—

s—g:(0,X) = (0, X) = X"+ X, (98)

which is the sum of the vector fields X** and X, in Equation (97). Notice that GCCL(p, X) is
a Hamiltonian vector field with the Hamiltonian function, see the work by the authors of [30],

hiox) (p.9) = piX'(q) +p (q) - (99)

This result can be seen for instance in the work by the authors of [48]. Moreover, the Lie algebra
identity in Equation (96) gives that

—

(01, X0), (02 X2)| = (o1, X1), 2, Xa)l (100)

where the bracket on the left hand side is minus the Jacobi-Lie bracket of vector fields on T*Q, whereas
the bracket on the right hand side is the semidirect product structure on s given in Equation (78).

The space & is a subalgebra of g. The product vector field [(p1, Xl)/,\(m, X3)], is a Hamiltonian vector
field on T* Q with Hamiltonian function

h[(Pl'Xl)/(szxz)]ﬁ - {h(Plrxl)’h(Pz,Xz)}' (101)
We can regard Equation (99) as a mapping,
5 — .7:5 (T*Q) C .F(T*Q) : (X,p) — h(X,p)' (102)

and, due to the identity in Equation (101), it is an embedding of the algebra s into F (T* Q). In other
words, Fs (T*Q) is an isomorphic copy of s in the space F (T* Q).

3.3. The Dual Spaces and Poisson Brackets

3.3.1. The Dual of ¥Q and Kuperschmidt-Manin Bracket

The dual T*Q of TQ is the direct sum @5 ;T Q of symmetric covariant tensor fields T}, Q of all
order [47,49]. In coordinates (q'), an element of T*Q is given by

A =@y An = B3 0Ai,.i, (9)dg" ® .. @ dg™,

where A, € T,Q is a symmetric covariant tensor field of order n. The pairing between T*Q and TQ is
given by the infinite sum

(A, ) = Oy (o, Ka) = B [ i, (@)X (q) s, (103
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where d%q is a volume form on Q. As the dual of a Lie algebra, T*Q has a Lie-Poisson structure

@b == [, (8@ [5552] @) (104)

called the Kuperschmidt-Manin bracket. Note that since the result of differentiation is a multivector
field, the Schouten concomitant is needed. Here, § and $) are functionals on T*Q, and the reflexivity
assumption takes the particular form 6§ /A € TQ. The bracket inside the integral is the Schouten
concomitant, and the pairing inside the integral defined in relation (103) [45].

3.3.2. The Dual of s and Compressible Fluid Bracket

On the dual space s* = Den (Q) x X* (Q) consisting of densities Den (Q) and one-form densities
X* (Q), the Lie-Poisson structure in Equation (2) takes the particular form

O kerlom) = — [ (M5 o) g

A R 3
_/Qp (Eﬁﬂ ((Sp) L*ﬁf/f <5p>> a7, (105)
where CF stands for compressible fluids.

Ref. [69-71]. $ and § are two functionals on s* and reflexivity condition is assumed, that is,
0F/6M € X(Q) and 0F/6p € F (Q). To obtain the equations governing the dynamics of isentropic
compressible fluid, we choose the Hamiltonian functional

1 M?
H(pM) = E/Q 7d3q+/gpw (0)d°q, (106)

which is the total energy of the continuum consisting of a kinetic term and a potential term with
internal energy w = w (p).

3.3.3. The Dual of g and Momentum-Vlasov Bracket

The Lie-Poisson bracket on the dual space is given by

05 0§ 1 d (107)

{ﬁlg}mv (Hf) = —/*an (z) - [m/m
where the bracket [e, o] inside the integral is the Jacobi-Lie bracket and dy is the symplectic volume.

3.4. Lifts of Actions to Cotangent Bundle

The cotangent lifts

ot =Tk (108)

of the left and right actions of Dif f (Q) on Q are the right and left actions on the cotangent bundle T*Q,
respectively. Both actions, (pg’L, are canonical, which means they respect canonical symplectic two-form
QOr+g on T*Q [51]. Thus, for all ¢ € G, transformations gbg’L are elements of group Dif fean (T* Q) of
canonical diffeomorphims on T*Q. Infinitesimal generators of the actions ¢§’L are vector fields on
T*Q and computed by

_ 7 RL _vRL _ (vRL\"
= TegPho xRl = (X ) (109)

d

g (1)
where X®L are vector fields generating l/JéI;’L. The mappings ¢~ are obtained by fixing a point z € T*Q
and they are from Diff (Q) to T*Q. (XR’L)C* are complete cotangent lifts of X*, as described

in Equation (21).
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We define an action t of additive group F( Q) to cotangent bundle T* Q by momentum translations.
Explicitly, action of ¢ € F(Q) to an element z € T*Q over the point g = 71g (z) is

tF(Q)XxT'Q—=T'Q:(p,z) »>z—dp(q) (110)

In a Darboux’ chart, an element z of T*Q is represented by (g, p) and t4 (4,p) = (9, p — V49).
The canonical symplectic structure (g is invariant under the momentum translations, which is
the gauge symmetry of Hamiltonian dynamics. In other words, the transformation ¢ is canonical,
hence ty is an element of Diffe, (T*Q). Infinitesimal generator Xy (7,p) = —V4¢ -V, is
a Hamiltonian vector on T*Q with the Hamiltonian function ¢ = ¢ (q) regarded as an element

of F(T*Q). The mapping F(Q) — X (T*Q) : p — X, is a Lie algebra isomorphism into

R,L R,L

in Equation (97). The following lemma shows that ¢,"~ and t, commute up to the actions oy

of Dif f (Q) on p [34].

Lemma 7. The composition of the actions gbg'L in Equation (108) and ty in Equation (110) on T*Q are
intertwining, that is,
R,L
(Pg ot¢o¢71—f5L(¢) (111)

where ag L are the actions of Diff (Q) on F(Q) given in Equation (87).

Proof. Let us consider z € T*Q over the point 4 = g (z). Then, we have
ggtotyodli(z) = ¢gtotyo Tyt (2)
- o (P (k)
= T (TPt () —dg (v ()
— _ R,L —
= 2= (1) 0) = topap )
O

This lemma enables us to define two possible embeddings of the semidirect product group S into
the group of canonical diffeomorphisms G, given by

S G:(g¢) = tyopit, (112)

where the actions t and ¢ are in Equation (110) and Equation (109), respectively. On the Lie algebra
level, this turns out be the mapping

s g:(X,¢) = GCCL (X, ¢) = X + Xy, (113)

which is the one in Equation (98). The infinitesimal version of this lemma is

KXR'L)C*'XH = X£yri9 (114)

where X, . 19 are Hamiltonian vector fields for the functions obtained by the Lie derivations of

(x

¢ in the directions of X®L. What we derive in Equation (114) is a particular case of the algebra
in Equation (78).
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3.5. The Dual Mapping of GCCL

In the previous subsection we showed that the GCCL, mapping TQ to g, is a Lie algebra
homomorphism, see Equation (96). Therefore, its dual mapping @ : g* — T*Q is a momentum
and a Poisson mapping [30]. Taking explicitly IT; = I1;dq' + ITidp; € g*, the dual operation becomes

o (Hf) =%, /T o (9’;:5 ® 19) #p, (115)
q

where 9?% is the (n — 1)-th tensor power of the canonical one form 07- g and ¢ is a one-form on T*Q,

given explicitly by
oIy .
9= (TIHZ' + aqul) dql

The definition stems from the duality

(X, (Y7)) = (X5, ). (116)

Left hand side of this equation is the n-th component of the image of ® while the right hand side can
be explicitly calculated from the definition of GCCL.

The image of Iy under the dual mapping & gives the moments of the momentum-Vlasov
dynamics. The n—th moment of 1 is given by

Ay = /T;Q (055 @ 0) dp.

Note that the substitution of the momentum map I1y — f in Equation (52), we have the kinetic
moments of the Vlasov dynamics [45,47]. Indeed, the n-th moment reads explicitly

oIV , ,
An = /dppll . Pin_1 <1/1Hin + Pi, aq]) dqll . dqln

oall; oIl . .
— —_ . . 7] - 1 In
/dpp,l...pln <3P]' aq].>dq ...dg
= /dppl-1 .pi, f(t,q p)dg" ... dg"m, (117)

where the Q-divergence is interpreted as the one-particle distribution function f(q,p) = oIl /9g/ —
dI1;/dp;. The A, moment is thus the standard n-th moment in kinetic theory (up to some geometrical
prefactors dq). In particular, the zero-th moment reads Ay = [ dpdll’/dq', whereas the first moment
is A; = [dp (II; + p;0Il/ /9q/) dq'. The following proposition summarizes the situation.

Proposition 5. The kinetic moments in Equation (115) of momentum-Vlasov equations are Poisson mappings
from momentum-Vlasov bracket on g* in Equation (107) to Kuperschmidt—-Manin bracket on T*Q given
in Equation (104). In other words,

Q" {3, 9} km = {P*F, P H} v, (118)
holds for all functionals § and $ on T*Q, see also the work by the authors of [48].

Proof. To prove this fact, we consider a linear functional §x on T*Q in form

Fx (A) = (A,X) = @5 (Ay, Xp) = @fzo:o/QAiliz...in (g) Xii2=in () d°g.
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Due to linearity, we have that 6§x /JA = X. The pull-back ®*Fx of §x to g* via the momentum
map & in Equation (115) is

i oIt y
(®"Fx) (Hf) = & 0/ NPiy Piy---Piy_4 (Hzn +Pi, 5T gl ) X () O,

where Q‘Q’Q is the symplectic volume form on the cotangent bundle T* Q. Variation of ®*Fx with respect
to its argument Il is

5 (P*Fx)

oTTf i ’

where X is the Hamiltonian vector field corresponding to the Hamiltonian function hx
in Equation (92). The momentum-Vlasov bracket is

- 5D Gy ID Ty ;
/*Q <Hf(z)’[ 5TI; * ot ] (Z)>QQ
=- / 0 (T Xy () O

[ o i v} (20) O (19)

{785, v} (1))

on g*, where the bracket inside the integral is minus the Jacobi-Lie bracket of vector fields satisfying

O (P*Fx) 6 (P*Ty)
ST, ol

= Xl iy}

Hence, the Poisson map relation in Equation (118) follows the direct substitutions. [

M-Vlasov to Fluid Map

We have established that semidirect product s® is a subalgebra of the space TQ of symmetric
contravariant tensor fields. It was also shown that the generalized complete cotangent lift
in Equation (93) reduces to injective homomorphism s — & C g in Equation (98) when restricted to
the subalgebra sX. The dual

©:g" =5 Iy — (o, M)

of this Lie algebra homomorphism is the first two moments of momentum-Vlasov dynamics given
in Equation (115). In Darboux” chart where I1; = [1;dg' + I1'dp;, the momentum mapping ® is

explicitly given by
(q9) = / I l M; = / ( + ) 4 (120)
o\ 1:0 g &p, i Pl g p

where p is a real valued function on Q and M = M; (g) dq' is a differential one-form on Q, which are
the zero-th and first moments Ay and A, respectively. Hence, we arrive the following lemma.

Lemma 8. The system of mappings in Equation (120) is a momentum and a Poisson map from the dual g* of
Hamiltonian vector fields with momentum-Vlasov bracket in Equation (119) to the dual s* of the semidirect
product space X (Q) ®F (Q) with compressible fluid bracket in Equation (105).

We call the operation in Equation (120) as “m-Vlasov to fluid map”. The substitution of g* —
F(T*Q) : 11y — f (q,p) gives plasma to fluid map in the work by the authors of [72].

Remark 3 (TQ represents conjugate variables). The function on the manifold Q discussed above can be
thought of as the conjugate density in the energetic representation, i.e., % with p being density of matter.
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The function on Q can be thought of as chemical potential, usually denoted by y. Similarly, the function can also
stand for the conjugate entropy density, T = %, which is the field of temperature. The vector field above can be
thought of as the conjugate momentum density, v = f—ﬁ, which is the velocity field.

4. Geometric Pathways to Fluid Theories

4.1. Momentum Formulation of Compressible Fluid Flow

In this section, we shall show how some of the physical theories fit the geometrization procedure
presented in Section (2). For this end, we start with a generic Hamiltonian vector field,

oh 0 oh 0

h
on the canonical symplectic manifold (T*Q, Q)g). Then the complete cotangent lift of X, is a vector
field on iterated cotangent bundle T*T*Q, which can be computed in the Darboux’ coordinates
(qi, pi; 1L, Hi) as follows,

) ah\ o\ 0 -
X" = Xy (2) + 1T, <aql> 3L + 1T, (apl) s € X(T°T°Q). (122)

We use that Hﬁt = QﬁQ (H f> is the image of a one-form Il under the musical isomorphism
induced by the canonical symplectic two-form Qg on T*Q. H}ﬁ[ is given locally by

f o gl .l
I = 0% (Hf)—Haql. iy (123)

Therefore, the action H?r (9h/3q") in (122) is simply the action of the vector field Hf[ on the real

valued function 9h/dq’. It is interesting to note that X" is a Hamiltonian vector field on the symplectic
manifold (T*T*Q, Qr+ o) with the Hamiltonian function (I, X},), that is,

ixgQrig = d <Xh,1'[f> . (124)

The decomposition of the complete cotangent lift X;* into the sum its vertical representative V Xj*
and its holonomic part HXj* are computed to be

ck i al — : J s al - i ?
= (0 () mm) (5 (2) 0 )

+ X, (H")

9
oI, IL

4.1.1. Momentum-Euler Equations

It was shown in the previous section that the generalized complete cotangent lift determines

an embedding s — § C g, as given in Equation (98). The image (X, ¢) is a Hamiltonian vector field

—

on T*Q. The complete cotangent lift of (X, ¢) is the Hamiltonian vector field

o\ 02X/ 0%¢ oxk\ 9 X'\ 9
X = (X IT*p: 4+ TIF NN § Al | : 126
<( '(P)) (X.9) + ( P dgkagt + dgkagt k ag' ) oll; + < aqk> oIT (126)
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on T*T*Q satisfying the Hamilton’s equations in (124) with the Hamiltonian function

(11, (X,9)) (g,p) = XTI, - p,aqln g

The vertical representative of the cotangent lift (@) “isa generalized vector field of order 1
and is given by the following abbreviated formula,

— C*f o) ; 2
1% ((x, 4>)) ) ot I (127)

where the coefficient functions are locally in the form

. 02X/ 0%¢ oxk orT; oxX* 99
I, = IIf I I — XF ! -
P Wi T agrag g TN o T\ Pag T ag ap;
o oX! Tt oxk  9¢ \ oIl
I = 1mF—= —x* - 128
o " ok (’” Ko T aq]> op; (128)

We call the system of equations given in (128) the momentum-Euler equations. In the density
variable these system of equations reduces to

at ﬁ Piogiop;  agiop;

by the substitution of the momentum map in Equation (52) into Equation (128). Note that X’ can be
though of as the i-th component of the fluid velocity, and ¢ can be thought of as the chemical potential.
Equation (129) can be interpreted physically as dynamics of fluctuations around mean velocity field X’
and field of chemical potential ¢.

Geometrization of the right hand side of Equation (127) can also be described as follows. Vertical
lift of the one-form Iy is a vector field:

Hj’f:QﬁT*QoT*nT*QoﬂfonT*Q:T*T*Q—>TT*T*Q (130)

where T* 77+ is the cotangent lift of the projection 7t+g : T*T*Q — T*Q and QﬂT* o is the musical
isomorphism induced from the canonical symplectic form Qr:g on T*T* Q. Hence, momentum-Euler
equations can be written as

. ———\ C*
m=v(Xe)
where the dot on the left hand side denotes the time derivative.
4.1.2. Back to the Classical Form of the Compressible Fluid

To turn back to the familiar formulation of Euler’s equation, we first substitute the m-Vlasov
to fluid map in Equation (120) into the m-Euler Equations (128). This gives an intermediate class
of equations

M = —LxM —div(X)M — pd¢ (131a)
p = —div(pX). (131b)

If we change coordinates to

M?2
Xip = (WM and ¢ = ra +h(p) (132)
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in system (131b), we obtain the equations for compressible fluids

0X 1

5 T (X-V)X = EVp and p +divpX = 0. (133)
in standard formulation. The first of this substitution in Equation (132) is simple relation between
velocity and momentum, and the second one is related to Bernoulli’s theorem for isentropic fluid flows.
Here, h (p) = pw’ + w is the enthalpy function and w = w (p) is the internal energy of the continuum.
Yet another form of Equation (131) is

o= —9 (pXk) (134a)
M, = —poip — MJB,X] - a](MlX])r (134b)

where ¢ = 6E/5p and X¥ = 6E /5my are chemical potential and velocity.

These are the usual equations for fluid mechanics in absence of entropy (or isentropic), see,
e.g., the work by the authors of [13]. Entropy density can be added as follows. In kinetic theory entropy
density is defined as

s(a) = [ dpy(f(ap)) (135)

where 7(f) is a real function of real variable f, e.g., —kgf(In(h®f) — 1) for ideal gases and kz and
h are the Boltzmann and Planck constants, respectively. Evolution of this field is then given by
Equation (129),

o = [ dpy (F)acf = —0(sX), (136)

which is the usual law of entropy conservation. However, to recover the antisymmetric coupling
between s and M;, one should add the term —s0;E; to the evolution equation for M;. The evolution
equations are then completely equivalent to the evolution equations of fluid mechanics coming from
the underlying Poisson bracket, e.g., the work by the authors of [13].

4.2. The 10-Moment Approximation

In this section, we present a generalization of the momentum-Euler equations to ten kinetic
moments (1 density + 3 momentum densities + 6 second moments). The procedure is analogical to
construction of the momentum-Euler equations with the only difference that along the ¢ and X’ fields
there is a RY tensor field on the base manifold Q.

4.2.1. Double GCCL of the Second Order Tensor Field

Consider a second order symmetric contravariant tensor field on Q given by

o i, 0 %)

X = (4><q>,xf<q>aqi,m<q>aqi ® aqj) , 137)

representing chemical potential, velocity, and the conjugate pressure tensor. Using the mapping (92),
we define the following Hamiltonian function, on T* Q,

h=¢(q) + X'(q)p;i + R7(q)pip;. (138)
The GCCL of X is then
N ; N’ ¢ oX' OR*\ 9
— 1 LRIV I S
X (x +2p;R ) 5 + ( 57 pj 27 PP 5 ) oy (139)
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which is a vector field on T*Q. The subsequent GCCL of X gives

5 . OX™ 4 2p;RI™ 9 OX™ +2p;RI™ 9
X = -1 —"— — 1, ———— —
" g oIT; " ap; LT
_ 9% Xt _ IR _ 9% Xt _ ORI
_Hma P aq/ PiPkag o af — Piagh ~PiPkog 9 (140)
ogi or1; " Ip; orTi’
which is a vector field on T*T*Q.
4.2.2. Vertical Representative
The vertical representative V(§§) of the second GCCL of X is
V&) = &, - fam) - — k()2 (141)
¢ oIl YorL;’
where §A§v = X —X. This vector field has only components in the directions of IT' and TT;,
and the components are then interpreted as evolution equations for IT" and IT;,
; oXx/ ORI ; az¢ 02X/ 02 RIk
Wl = —IIj—— —2II IV — I I
* g~ 2P T W aag T Piagagr T PPk agiag
orl; oIl;  9¢ oIT; 0XJ 11, ORI OIT;
—X*— —2p;RF e PP 142
ot PN gk T agFop g ape PP og apy (1422)
BXZ ORI ORJ!
Wl = —20LRI4+TV—— + TV —p + 1T —
oIt oIt 3¢ oIT oX/ oIl ORI oIT!
—xk— ik e PP ——, 142b
o PR g T o e gk ape PP gk o (1420)
which contain as a special case RY = 0 the momentum-Euler equations (128).
The distribution function f(q,p) = %1;1 - aagi" then evolves as
af 0XI\ of
v og* aq Piagk ) ope
af oRJ! af
—2p; R = 143
pj aqk T PP aqk e (143)

This equation can be interpreted physically as kinetic theory of fluctuations around mean fields
of velocity, chemical potential and conjugate pressure tensor.

4.2.3. Projection to Moments

Subsequent projection to density, momentum density, and kinetic stress tensor,

p(q) = / dpf(q,p) (144a)
Mi(q) = /dppif(qu) (144b)

Pi@ = [ dppipiflap) (1440
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leads to evolution equations for the projected variables (by chain rule)

Ip = —o (pxk) — 204 (R*m)) (145a)
*M; = —pdip — M;0;X) — Pyd;RI* — 9;(M; X)) — 9 (RYP;;) — 9 (RFP;;) (145b)
*P; = —0k(PyX*) — M;jdip — M;djp — ;X Py — 9;X* Py,
—20,(R"Q;1) — 3R Qg — 9;RM Quu, (145¢)
where
Qijk = / dppipjprf(a,p) (146)

are the higher higher moments. The evolution equation for the stress tensor is thus not in a closed
form, which is typical in the Grad hierarchy, e.g., the work by the authors of [62].

Let us now seek an appropriate closure, i.e., specification of the Q;jx terms. Note first that
the fields ¢, X' and R” can be interpreted as the corresponding derivatives of energy with respect to

the kinetic moments,

;  OE i OE
==, X = d Ri=_—". 147
(P (Sp’ 5Ml’ an (SPI']‘ ( )

In other words, ¢ is chemical potential, X' is velocity, and R¥ is the conjugate variable to the second
kinetic moments. We now seek the closure so that energy is conserved regardless the choice of energy,
which requires equations (145) to possess antisymmetric structure. The coupling between the evolution
of p and evolution of M; is antisymmetric as can be directly verified by construction of the generating
Poisson bracket. To make the coupling between m; and Q;; antisymmetric as well, we have to set
Qijt = 0, which is the sought closure. Besides automatic energy conservation, Jacobi identity is
then satisfied for the evolution equations as shown, for instance, in the work by the authors of [73].
The closure can be thus referred to as a Hamiltonian closure.

4.2.4. Adding Entropy

As in the case of momentum-Euler equations, entropy density can be defined as

sta) = [ dpn(h) (148)
It evolves due to Equation (143) as
ds = —0x(sX¥) — 2R 9 b; — 0;R'b — 9 R''D, (149)
where
bi = [ dppin(f) (150)

is the first entropic moment (considered also in the work by the authors of [62].
Interestingly, the evolution for the first entropic moment is (using again Equation (143))

ob; = —a](le]) —50;¢ — b]aﬂ)]
—2R*9yB;; — Bjo;R'" — Byd;R'' — By R/, (151)
where
B = / dppipjn (f) (152)

is the tensor of second entropic moments. This way a hierarchy of entropic moments coupled to
the hierarchy of kinetic moments can be constructed (similar to kinetic theory of non-ideal gases [74]).
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The coupling to the kinetic moments is made antisymmetric by adding complementary terms
(in the case of s among the state variables) to the equations for M; and P;;.

4.2.5. Central Kinetic Moments

In the evolution equations for the kinetic moments (145), it is interesting that the density evolves
not solely due to the advection by velocity X'. This might appear strange at first sight, but it is actually
due to the definition of Pjj as the second kinetic moments, not the central second kinetic moments,

N

P / dp(pi — M;/p)(p; — M;/p)f
M;M;
P — o (153)

The transformation of variables from (p, M, P) to (o, M, P) turns derivatives of energy to

6E 6E

_ Ot 154
P, by (1542)
J6E J0E m ( OE J6E )
— _ 0 4 154b
<5Mi>1) (5Mz‘>f) p \ORy  ORy (154b)
OE OE SE M;M;
(), - (8)," 50
o0 ) p op)p ORj p
The evolution equation for density (145a) then becomes
OE
_ 1
oo =2(e (i), ) 5

which already has the usual form.

5. Discussion and Conclusions

An injective Lie algebra homomorphism called generalized complete cotangent lift (GCCL) was
defined in Equation (95), mapping the space TQ of generalized symmetric contravariant tensor fields
on a manifold Q to the space g = X, (T*Q) of Hamiltonian vector fields on the cotangent bundle
T*Q. It has been shown that kinetic moments in Equation (115) of the momentum-Vlasov equations
represent Poisson mappings obtained by the dualization of this homomorphism. The configuration
space of compressible isentropic fluids is the semidirect product group S = Diff (Q) ©F (Q), and its
Lie algebra, s = X (Q) ©F (Q), is a subalgebra of TQ. Restriction of GCCL on s gives that embedding
5 < g, whereas the intertwining lemma and Equation (111) establish this embedding on the group
level, thatis, S < G = Dif fean (T* Q). The dual of the embedding s — g, called m-Vlasov to fluid map
in Equation (120), is a Poisson and momentum mapping relating m-Vlasov bracket in Equation (107)

—

and compressible fluid bracket in Equation (105). Generalized complete cotangent lift (X, ¢) of a pair
(X,¢) € sis a Hamiltonian vector field on T* Q. We have introduced momentum-Euler equations,

v ((/X,\P))C* = 1T, (156)
by taking the vertical representative of the complete lift of @ It is shown that after the substitution
of “m-Vlasov to fluid map” and the coordinate transformation in Equation (132), momentum-Euler
equations reduce to compressible fluid equation in the classical form. Thus, it is achieved to arrive
Euler’s equation starting from the particle motion and applying pure geometric operations. Note that
this geometrization procedure does not need any Hamiltonian functional or Poisson structure.
Finally, the reversible evolution equations for ten kinetic moments are found by the same procedure,
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and a hierarchy of entropic moments coupled to the kinetic moments is identified including entropy.
The approach to mechanics presented in this paper can lead to another geometrization of the GENERIC
framework [13,17], as it does not rely on Poisson brackets although being purely geometric.
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Abbreviations

The following abbreviations and symbols are used in this manuscript.

GENERIC  General Equation for Nonequilibrium Reversible-Irreversible Coupling
GCCL generalized complete cotangent lift
Lie derivative
g Lie algebra of group G
H Hamiltonian function(al)
M momentum density with units kg ms /m3
U chemical potential with units J/m?
Q)] symplectic two-form
0 density with units kg/m?3
E energy with units J

f(t,q,p) one-particle distribution function with units of inverse Planck constant
p;j pressure tensor
RY conjugate pressure tensor

entropy density with units KJ / m3

T temperature with units K

T*G cotangent bundle of manifold G

TG tangent bundle of manifold G

X state variable

Xt complete cotangent lift of vector field X

References

1.  Holm, D.D.; Marsden, ]J.E.; Ratiu, T.; Weinstein, A. Nonlinear stability of fluid and plasma equilibria.
Phys. Rep. 1985, 123, 1-116. [CrossRef]

2. Marsden, J.; Weinstein, A. The Hamiltonian-Structure of the Maxwell-Vlasov Equations. Phys. D 1982,
4,394-406. doi:10.1016/0167-2789(82)90043-4. [CrossRef]

3. Marsden, J.E.; Morrison, PJ.; Weinstein, A. The hamiltonian structure of the BBGKY hierarchy equations.
Cont. Math. AMS 1984, 28, 115-124.

4. Clebsch, A. Uber die Integration der Hydrodynamische Gleichungen. J. Fiir Die Reine Und Angew. Math.
1895, 56, 1-10.

5. Arnold, V. Sur la géometrie différentielle des groupes de Lie de dimension infini et ses applications dans
I'hydrodynamique des fluides parfaits. Ann. De L'institut Fourier 1966, 16, 319-361. [CrossRef]

6. Holm, D.D. Hamiltonian dynamics of a charged fluid, including electro-and magnetohydrodynamics.
Phys. Lett. A 1986, 114, 137-141. [CrossRef]

7. Holm, D.; Kupershmidt, B. Noncanonical Hamiltonian-formulation of ideal magnetohydrodynamics. Phys. D
1983, 7, 330-333. do0i:10.1016/0167-2789(83)90136-7. [CrossRef]

8.  Godunov, S. Symmetric form of the magnetohydrodynamic equation. Chislennye Metod. Mekh. Sploshnoi Sredy

1972, 3, 26-34.


http://dx.doi.org/10.1016/0370-1573(85)90028-6
http://dx.doi.org/10.1016/0167-2789(82)90043-4
http://dx.doi.org/10.5802/aif.233
http://dx.doi.org/10.1016/0375-9601(86)90541-4
http://dx.doi.org/10.1016/0167-2789(83)90136-7

Entropy 2019, 21, 907 31 of 33

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.
33.

34.
35.

36.

Peshkov, I.; Pavelka, M.; Romenski, E.; Grmela, M. Continuum Mechanics and Thermodynamics in the
Hamilton and the Godunov-type Formulations. Contin. Mech. Thermodyn. 2018, 30, 1343-1378. [CrossRef]
Dumbser, M.; Peshkov, I.; Romenski, E.; Zanotti, O. High order ADER schemes for a unified first order
hyperbolic formulation of Newtonian continuum mechanics coupled with electro-dynamics. J. Comput. Phys.
2017, 348, 298-342. [CrossRef]

Wakif, A.; Boulahia, Z.; Amine, A.; Animasaun, L; Afridi, M.; Qasim, M.; Sehaqui, R. Magneto-convection of
alumina—Water nanofluid within thin horizontal layers using the revised generalized Buongiorno’s model.
Front. Heat Mass Transf. 2019, 12, 3. [CrossRef]

Wakif, A.; Qasim, M.; Afridi, M.; Saleem, S.; Al-Qarni, M. Numerical Examination of the Entropic
Energy Harvesting in a Magnetohydrodynamic Dissipative Flow of Stokes” Second Problem: Utilization
of the Gear-Generalized Differential Quadrature Method. J. Nonequilibrium Thermodyn. 2019,
doi:10.1515/jnet-2018-0099. [CrossRef]

Pavelka, M.; Klika, V.; Grmela, M. Multiscale Thermo-Dynamics; Walter de Gruyter: Berlin, Germany, 2018.
Grmela, M.; Ottinger, H.C. Dynamics and thermodynamics of complex fluids. I. Development of a general
formalism. Phys. Rev. E 1997, 56, 6620-6632. do0i:10.1103 /PhysRevE.56.6620. [CrossRef]

Ottinger, H.C.; Grmela, M. Dynamics and thermodynamics of complex fluids. II. Tllustrations of a general
formalism. Phys. Rev. E 1997, 56, 6633-6655. doi:10.1103/PhysRevE.56.6633. [CrossRef]

Beris, A.; Edwards, B. Thermodynamics of Flowing Systems; Oxford University Press: Oxford, UK, 1994.
(")ttinger, H. Beyond Equilibrium Thermodynamics; Wiley: Hoboken, NJ, USA, 2005.

Dzyaloshinskii, I.E.; Volovick, G.E. Poisson brackets in condense matter physics. Ann. Phys. 1980, 125, 67-97.
[CrossRef]

Grmela, M. Particle and Bracket Formulations of Kinetic Equations. Contemp. Math. 1984, 28, 125-132.
Morrison, PJ. Bracket formulation for irreversible classical fields. Phys. Lett. A 1984, 100, 423-427. [CrossRef]
Kaufman, A. Dissipative Hamiltonian systems: A unifying principle. Phys. Lett. A 1984, 100, 419—422.
[CrossRef]

Morrison, PJ. A paradigm for joined Hamiltonian and dissipative systems. Phys. D Nonlinear Phenom. 1986,
18, 410-419. [CrossRef]

Bloch, A.; Krishnaprasad, P.; Marsden, J.E.; Ratiu, T.S. The Euler-Poincare Equations and Double Bracket
Dissipation. Commun. Math. Phys. 1996, 175, 1-42. [CrossRef]

Grmela, M. Contact Geometry of Mesoscopic Thermodynamics and Dynamics. Entropy 2014, 16, 1652-1686.
doi:10.3390/e16031652. [CrossRef]

Bravetti, A.; Cruz, H.; Tapias, D. Contact Hamiltonian Mechanics. Ann. Phys. 2017, 376, 17-39. [CrossRef]
Gay-Balmaz, F; Yoshimura, H. From Lagrangian Mechanics to Nonequilibrium Thermodynamics:
A Variational Perspective. Entropy 2019, 21, 8. [CrossRef]

Gay-Balmaz, F.; Yoshimura, H. From variational to bracket formulations in nonequilibrium thermodynamics
of simple systems. arXiv 2019, arXiv:1904.05958.

Grmela, M. Role of thermodynamics in multiscale physics. Comput. Math. Appl. 2013, 65, 1457-1470.
[CrossRef]

De Leén, M.; Rodrigues, P. Methods of Differential Geometry in Analytical Mechanics; North-Holland
Mathematics Studies: Amsterdam, The Netherlands, 1989.

Marsden, J.; Ratiu, T.S. Introduction to Mechanics and Symmetry; Volume Second Edition; Texts in Applied
Mathematics 17; Springer-Verlag: New York, NY, USA, 1999.

Marsden, J.E. A group theoretical approach to the equations of plasma physics. Canad. Math. Bull. 1982,
25,129-142. [CrossRef]

Arnold, V1. Mathematical Methods of Classical Mechanics; Springer: New York, NY, USA, 1989.

Libermann P.; Marle C.M. Symplectic Geometry and Analytic Mechanics; D. Reidel Publishing Company,
Kluwer Academic Publishers Group: Dordrecht, The Netherlands, 1987.

Guillemin, V;; Sternberg S. Symplectic Techniques in Physics; Cambridge University Press: Cambridge, UK, 1984.
Ratiu, T.; Schmid, R.; Adams, M. The Lie Group Structure of Diffeomorphism Groups and Invertible
Fourier Integral Operators with Appllications. In Infinite Dimensional Groups with Applications; Kac, V., Ed.;
Springer-Verlag: New York, NY, USA, 1985; pp. 1-69.

Ratiu, T.; Schmid, R. The differentiable structure of three remarkable diffeomorphism groups. Math. Z. 1981,
177, 81-100. [CrossRef]


http://dx.doi.org/10.1007/s00161-018-0621-2
http://dx.doi.org/10.1016/j.jcp.2017.07.020
http://dx.doi.org/10.5098/hmt.12.3
http://dx.doi.org/10.1515/jnet-2018-0099
http://dx.doi.org/10.1103/PhysRevE.56.6620
http://dx.doi.org/10.1103/PhysRevE.56.6633
http://dx.doi.org/10.1016/0003-4916(80)90119-0
http://dx.doi.org/10.1016/0375-9601(84)90635-2
http://dx.doi.org/10.1016/0375-9601(84)90634-0
http://dx.doi.org/10.1016/0167-2789(86)90209-5
http://dx.doi.org/10.1007/BF02101622
http://dx.doi.org/10.3390/e16031652
http://dx.doi.org/10.1016/j.aop.2016.11.003
http://dx.doi.org/10.3390/e21010008
http://dx.doi.org/10.1016/j.camwa.2012.11.019
http://dx.doi.org/10.4153/CMB-1982-019-9
http://dx.doi.org/10.1007/BF01214340

Entropy 2019, 21, 907 32 of 33

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

Morrison, PJ. Poisson brackets for fluids and plasmas. In AIP Conference Proceedings 88; Taber, M., Treve, Y.,
Eds.; AIP: New York, NY, USA, 1982; pp. 13-46.

Banyaga, A. The Structure of Classical Diffeomorphism Groups; Kluwer: Dortrecht, The Netherlands, 1997.
Kolar, 1.; Slovédk, ]J., Michor, P. Natural Operations in Differential Geometry; Springer-Verlag:
Berlin/Heidelberg, Germany; New York, NY, USA, 1993.

Kriegl, A.; Michor, P. The Convenient Setting of Global Analysis; American Mathematical Society: Ann Arbor,
MI, USA, 1997; Volume 53.

Arnold, V.; Khesin, B. Topological Methods in Hydrodynamics; Applied Mathematical Sciences; Springer-Verlag:
New York, NY, USA, 1998; Volume 125.

Esen, O.; Guimral, H. Lifts, jets and reduced dynamics. Int. |. Geom. Meth. Mod. Phys. 2011, 8, 331-344.
[CrossRef]

Esen, O.; Gumral, H. Geometry of plasma dynamics II: Lie algebra of Hamiltonian vector fields.
J. Geom. Mech. 2012, 4, 239-269. [CrossRef]

Patterson, E.; Yano, K. Vertical and complete lifts from a manifold to its cotangent bundle. J. Math. Soc. Jpn.
1967, 19, 91-113.

Gibbons, J. Collisionless Boltzmann equations and integrable moment equations. Phys. D 1981, 3, 503-511.
[CrossRef]

Gibbons, J.; Holm, D.; Tronci, C. Vlasov moments, integrable systems and singular solutions. Phys. Lett. A
2008, 372, 1024-1033. [CrossRef]

Gibbons, J.; Holm, D.; Tronci, C. Geometry of Vlasov kinetic moments: A bosonic Fock space for
the symmetric Schouten bracket. Phys. Lett. A 2008, 372, 4184-4196. [CrossRef]

Holm, D.; Tronci, C. Geodesic Vlasov equations and their integrable moment closures. J. Geom. Mech. 2009,
1,181-208.

Tronci, C. Geometric Dynamics of Vlasov Kinetic Theory and Its Moments. Ph.D. Thesis, Imperial College,
London, UK, 2008.

Fecko, M. Differential Geometry and Lie Groups for Physicists, Reissue ed.; Cambridge University Press:
Cambridge, UK, 2011.

Marsden, J. A correspondence principle for momentum operators. Can. Math. Bull. 1967, 10, 247-250.
[CrossRef]

Saunders, D. The Geometry of Jet Bundles; London Mathematical Society Lecture Note Series; Cambridge
University Press: Cambridge, UK, 1989, Volume 142.

Kosmann-Schwarzbach, Y. Vector Fields and Generalized Vector Fields on Fibered Manifolds, Geometry and
Differential Geometry (Proc. Conf. Univ. Haifa, Israél, 1979). In Lecture Notes in Mathematics 792; Artzy, R.,
Vaisman, I., Eds.; Springer-Verlag: Heidelberg, Germany, 1980; pp. 307-355.

Olver, PJ. Applications of Lie Groups to Differential Equations; Springer Science & Business Media:
Berlin, Germany, 2000.

Tulczyjew, W. The Euler-Lagrange Resolution. In Part I, Proceedings of the International Colloquium Of
The C.N.R.S., Aix-en-Provence, France, 3—7 September 1979; Souriau, ]. M., Ed.; Springer: Berlin/Heidelberg,
Germany, 1979.

Marsden, J.; Weinstein, A. Coadjoint orbits, vortices, and clebsch variables for incompressible fluids. Phys. D
1983, 7, 305-323. do0i:10.1016/0167-2789(83)90134-3. [CrossRef]

Guimral, H. Geometry of plasma dynamics. 1. Group of canonical diffeomorphisms. J. Math. Phys. 2010,
51, 083501. [CrossRef]

Marsden, J.; A.J., W,; Ratiu, T.; Schmid, R.; Spencer, R.G. Hamiltonian Systems with Symmetry, Coadjoint
Orbits and Plasma Physics. In Proceedings of the Academia della Scienze of Turin, Turin, Italy, 7-11 June 1982;
pp. 289-340.

Holm, D.D.; Marsden, J.; Ratiu, T. Euler-Poincaré models of ideal fluids with nonlinear dispersion.
Phys. Rev. Lett. 1998, 349, 4173-4177. [CrossRef]

Marsden, J.E.; Ratiu, T.S.; Shkoller, S. The geometry and analysis of the averaged Euler equations and a new
diffeomorphism group. Geom. Funct. Anal. GAFA 2000, 10, 582-599. [CrossRef]

Schouten, J. Uber Differentialkonkomitanten zweier kontravarianter Grofen. Indag. Math. 1940, 2, 449-452.
Grmela, M.; Hong, L.; Jou, D.; Lebon, G.; Pavelka, M. Hamiltonian and Godunov structures of the Grad
hierarchy. Phys. Rev. E 2017, 95, 033121. [CrossRef]


http://dx.doi.org/10.1142/S0219887811005166
http://dx.doi.org/10.3934/jgm.2012.4.239
http://dx.doi.org/10.1016/0167-2789(81)90036-1
http://dx.doi.org/10.1016/j.physleta.2007.08.054
http://dx.doi.org/10.1016/j.physleta.2008.03.034
http://dx.doi.org/10.4153/CMB-1967-023-x
http://dx.doi.org/10.1016/0167-2789(83)90134-3
http://dx.doi.org/10.1063/1.3429581
http://dx.doi.org/10.1103/PhysRevLett.80.4173
http://dx.doi.org/10.1007/PL00001631
http://dx.doi.org/10.1103/PhysRevE.95.033121

Entropy 2019, 21, 907 33 of 33

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

Majid, S. Foundations of Quantum Group Theory; Cambridge University Press: Cambridge, UK, 1995.
doi:10.1017/CB09780511613104.

Esen, O,; Siitlii, S. Hamiltonian dynamics on matched pairs. Int. . Geom. Methods Mod. Phys. 2016, 13.
[CrossRef]

Esen, O,; Siitlii, S. Lagrangian dynamics on matched pairs. J. Geom. Phys. 2017, 111, 142-157. [CrossRef]
Esen, O; Siitlii, S. Matched pairs of discrete dynamical systems. arXiv 2018, arXiv:1809.00521.
Dubois-Violette, M.; Michor, P. A common generalization of the Frolicher-Nijenhuis bracket and the Schouten
bracket for symmetric multivector fields. Indag. Math. 1995, 6, 51-66. [CrossRef]

Norris, L. Generalized symplectic geometry on the frame bundle of a manifold. Proc. Symp. Pure Math. 1993,
54, 435-465.

Marsden, J.; Ratiu, T.; Weinstein, A. Semidirect Products and Reduction in Mechanics. Trans. Am. Math. Soc.
1984, 281, 147-177. [CrossRef]

Morrison, PJ.; Greene, ]. M. Noncanonical Hamiltonian Density Formulation of Hydrodynamics and Ideal
Magnetohydrodynamics. Phys. Rev. Lett. 1980, 45, 790-794. doi:10.1103/PhysRevLett.45.790. [CrossRef]
Morrison, P. Hamiltonian Description of the Ideal Fluid. Rev. Mod. Phys. 1998, 70, 467-521. [CrossRef]
Marsden, J.; Weinstein, A.; Ratiu, T.; Schmid, R.; Spencer, R. Hamiltonian Systems with Symmetry, Coadjoint
Orbits and Plasma Physics. Atti Acad. Sci. Torino Cl. Sci. Fis. 1983, 117, 289-340.

Pavelka, M.; Klika, V.; Esen, O.; Grmela, M. A hierarchy of Poisson brackets in non-equilibrium
thermodynamics. Phys. D Nonlinear Phenom. 2016, 335, 54-69. [CrossRef]

Ruggeri, T.; Sugiyama, M. Rational Extended Thermodynamics Beyond the Monoatomic Gas; Springer
International Publishing: Basel, Switzerland, 2015.

@ (© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1142/S0219887816501280
http://dx.doi.org/10.1016/j.geomphys.2016.10.005
http://dx.doi.org/10.1016/0019-3577(95)98200-U
http://dx.doi.org/10.1090/S0002-9947-1984-0719663-1
http://dx.doi.org/10.1103/PhysRevLett.45.790
http://dx.doi.org/10.1103/RevModPhys.70.467
http://dx.doi.org/10.1016/j.physd.2016.06.011
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	A Geometric Pathway to Kinetic Theories
	Complete Tangent and Cotangent Lifts
	Complete Tangent Lift
	Complete Cotangent Lift

	From Jet Bundle to Tangent Bundle
	Holonomic Lifts of Vector Fields
	Lie Algebra of Generalized Vector Fields
	Vertical Representatives

	Lie–Poisson Dynamics of Incompressible Systems
	Vertical Lifts of One-Forms
	Geometry of Lie–Poisson Equations

	Example: Incompressible Fluid Flow
	Example: Vlasov's Plasma
	Lie Algebra of the Canonical Diffeomorphisms
	The Dual Space
	Momentum-Vlasov Equations gpd2

	Example: Averaged 2D-Euler Equation

	Generalized Complete Cotangent Lift
	Schouten Concomitant
	Lie Subalgebras of Schouten Algebra
	Matched Pair (Bicross Product) Realization of TQ
	Lie Group Underlying s

	Lifts of Tensor Fields to the Cotangent Bundle
	Tensors to Functions
	Generalized Complete Cotangent Lift (GCCL)
	 GCCL on the Subalgebras of  T(Q)

	The Dual Spaces and Poisson Brackets
	The Dual of T Q and Kuperschmidt–Manin Bracket
	The Dual of s and Compressible Fluid Bracket
	The Dual of g and Momentum-Vlasov Bracket

	Lifts of Actions to Cotangent Bundle
	The Dual Mapping of GCCL

	Geometric Pathways to Fluid Theories
	Momentum Formulation of Compressible Fluid Flow
	Momentum-Euler Equations
	Back to the Classical Form of the Compressible Fluid

	The 10-Moment Approximation
	Double GCCL of the Second Order Tensor Field
	Vertical Representative
	Projection to Moments
	Adding Entropy
	Central Kinetic Moments


	Discussion and Conclusions
	References

